The first three enzymes of the pentachlorophenol (PCP) degradation pathway in Sphingobium chlorophenolicum (formerly Sphingomonas chlorophenolica) ATCC 39723 have been characterized, and the corresponding genes, pcpA, pcpB, and pcpC, have been individually cloned and sequenced. To search for new genes involved in PCP degradation and map the physical locations of the pcp genes, a 24-kb fragment containing pcpA and pcpC was completely sequenced. A putative LysR-type transcriptional regulator gene, pcpM, and a maleylacetate reductase gene, pcpE, were identified upstream of pcpA. pcpE was found to play a role in PCP degradation. pcpB was not found on the 24-kb fragment. The four gene products PcpB, PcpC, PcpA, and PcpE were responsible for the metabolism of PCP to 3-oxoadipate in ATCC 39723, and inactivational mutation of each gene disrupted the degradation pathway. The organization of the pcp genes is unusual because the four PCP-degrading genes, pcpA, pcpB, pcpC, and pcpE, were found to be located at four discrete locations. Two hypothetical LysR-type regulator genes, pcpM and pcpR, have been identified; pcpM was not required, but pcpR was essential for the induction of pcpB, pcpA, and pcpE. The coinducers of PcpR were PCP and other polychlorinated phenols. The expression of pcpC was constitutive. Thus, the organization and regulation of the genes involved in PCP degradation to 3-oxoadipate were documented.
Pentachlorophenol (PCP) has been released into the environment as a wood preservative (8, 13) . This compound is a major environmental pollutant due to its toxicity and recalcitrance, and it is regulated as one of the priority pollutants by the U.S. Environmental Protection Agency (16, 30) . Microorganisms have been used to remove PCP from the environment (16, 17) , and several aerobic PCP-degrading bacteria have been isolated from contaminated soils (7) . Sphingobium chlorophenolicum (31) (formerly Sphingomonas chlorophenolica) strain ATCC 39723 is one of the bacteria capable of completely mineralizing PCP (24) . The biochemistry of PCP degradation by ATCC 39723 has been extensively studied (Fig. 1) . PCP 4-monooxygenase (PcpB) oxidizes PCP to 2,3,5,6-tetrachlorop-hydroquinone (TeCH) (22, 35, 37, 38) . TeCH reductive dehalogenase (PcpC) converts TeCH to 2,3,6-trichloro-p-hydroquinone and then to 2,6-dichloro-p-hydroquinone (DiCH) by reductive dechlorination (20, 39, 40) . DiCH is subject to ring cleavage by DiCH 1,2-dioxygenase (PcpA), producing 2-chloromaleylacetate (2-CMA) (19, 33) . The corresponding genes, pcpB, pcpC, and pcpA, have been individually cloned and sequenced (21, 22, 36) . pcpB was found to be physically linked with two other putative pcp genes, pcpD and pcpR (21) . pcpR is a hypothetical LysR-type regulator. Northern hybridization and enzymatic activity analysis suggest that PcpB and PcpA are PCP inducible in strain ATCC 39723 (22, 33) , while PcpC is constitutively produced (20, 40) . However, the overall organization and regulation of PCP-degrading genes have not been reported, and the metabolic steps beyond ring cleavage by PcpA have not been characterized.
We report here complete sequencing of two DNA fragments. A 24-kb DNA fragment contained pcpA and pcpC, as well as two new pcp genes, pcpE encoding a maleylacetate (MA) reductase and pcpM coding for a hypothetical LysR-type regulator. An 8-kb DNA fragment containing the pcpB-pcpDpcpR cluster (21) was also sequenced. Sequence data revealed the discrete organization of each functional pcp gene; genetic and functional analyses of pcpE, pcpC, pcpM, and pcpR documented the PCP degradation pathway to 3-oxoadipate and the regulation of PCP-degrading genes in ATCC 39723.
MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. S. chlorophenolicum ATCC 39723, its pcpA mutant (4), and its pcpB mutant (Fco315) (15) were generous gifts from Ronald L. Crawford and Cindy S. Orser. Escherichia coli DH5␣ and the vector pSG76-K (23) were generous gifts from G. Pósfai. Subcloning of DNA fragments for sequencing was done in pBluescript II KS(ϩ) (Stratagene, La Jolla, Calif.). A glutamate (0.4%) mineral salt (GMS) medium was used to grow ATCC 39723 at 30°C (24) . Kanamycin was added to GMS medium at a concentration of 5 g ⅐ ml Ϫ1 when it was needed. E. coli strains were grown in Luria-Bertani medium (25) . Ampicillin or kanamycin was added at a concentration of 100 or 30 g ⅐ ml Ϫ1 to Luria-Bertani medium when required. DNA preparation and manipulation. Plasmid DNA isolation was carried out with a Miniprep or Midiprep kit (Qiagen, Chatsworth, Calif.). DNA digestion, electrophoresis, ligation, and transformation were performed by using standard procedures (25) . A Geneclean kit (Bio 101, Carlsbad, Calif.) was used for recovery of DNA fragments from agarose gels. For colony PCR, a portion of a colony was directly added to a PCR mixture as the DNA template. Long-range PCR was done with an XL PCR kit (Perkin-Elmer, Branchburg, N.J.).
TAIL-PCR. TAIL-PCR (18) was performed to amplify unknown DNA sequences contiguous to known pcp gene sequences. Specific primer TAIL1 and an arbitrary primer were used in a first round of long-range PCR with ATCC 39723 genomic DNA as the template and an annealing temperature of 55°C. Products from the first round of PCR were used as templates for a second round of long-range PCR performed with the same arbitrary primer and another specific primer, TAIL2, about 200 bp downstream of primer TAIL1; the annealing temperature used was 62°C. Products from the first and second rounds of PCR were separated on an agarose gel for comparison. Products showing the expected decrease in size after the second round of PCR were gel purified and directly sequenced with primer TAIL2.
DNA sequencing and sequence analysis. DNA cycle sequencing reactions with the ABI Prism Big Dye-labeled dideoxynucleotides (Applied Biosystems, Foster City, Calif.) were used for DNA sequencing. The GCG programs (Genetics Computer Group, Madison, Wis.) were used for compiling sequences and for analyses of the terminator, codon usage, translation, GϩC content, and homology. DNA and deduced protein sequences were searched for similarities to database entries by using BLAST programs available through the National Center for Biotechnology Information website (http://www.ncbi.nlm.nih.gov /BLAST/).
Inactivation of pcpE, pcpC, pcpR, and pcpM. An internal fragment of the target gene was PCR amplified with specific primers for each gene (Table 1) . KpnI and PstI sites were introduced into the forward and reverse primers, respectively. The resultant pcpE inter , pcpC inter , pcpR inter , or pcpM inter PCR product was cloned into the suicide vector pSG76-K at KpnI/PstI sites (23) . The recombinant plasmid DNA was electroporated into E. coli DH5␣ for maintenance and recovery. The identity of the recovered plasmid was confirmed by sequencing, and then the plasmid was electroporated into ATCC 39723 by using a modified method of Lange et al. (15) . Fifty microliters of ATCC 39723 competent cells was mixed with ca. 100 ng of the plasmid, and the mixture was pulsed three times at 2.5 kV by using a Gene Pulser (Bio-Rad, Hercules, Calif.). One milliliter of GMS medium containing 1 mM MgCl 2 and 0.3 mM CaCl 2 was immediately added to the cells, and the cells were incubated with shaking for 6 h at 30°C before they were plated on GMS agar containing kanamycin. Mutants were identified by their kanamycin resistance and were confirmed by colony PCR by using a pair of primers flanking the internal sequence (Table 1) .
Whole-cell PCP degradation. PCP degradation by whole cells was monitored spectrophotometrically (34) or by a previously described high-performance liquid chromatography (HPLC) method (40) . ATCC 39723 and the mutants of this strain were grown in 200 ml of GMS medium at 30°C with shaking. When the optical density at 600 nm of a cell culture reached between 0.3 and 0.4, PCP from a stock solution (37.6 mM PCP in 2.5% NaOH) was added to a final concentration of 150 M. Incubation was continued with shaking, and samples (1 ml) were taken periodically to measure the cell density and PCP concentration. Supernatants of the PCP-degrading cultures were also analyzed for the accumulation of TeCH, DiCH, and 2-CMA by using previously described HPLC methods (29, 40) . 2-CMA was prepared by using PcpA to convert DiCH to 2-CMA (33) .
RT-PCR analysis. Total RNA was prepared as previously described (36) . All RNA samples were free of DNA, as confirmed by using 200 ng of isolated RNA in a 100-l PCR mixture. A reverse transcription (RT)-PCR was carried out by using a OneStep RT-PCR kit (Gibco BRL, Gaithersburg, Md.) and a 100-l reaction mixture with 2 ng of RNA. The primers used for RT-PCR were sequence specific for each pcp gene ( Table 1 ). All samples were amplified by using 30 PCR cycles.
Enzyme assays with cell extracts of S. chlorophenolicum strains. Cells that were grown in GMS medium and either induced by PCP (75 M) or not induced were harvested by centrifugation. Cell extracts were obtained by using a French pressure cell as previously described (33) and were stored at Ϫ80°C. Protein concentrations were determined with a dye reagent (Bio-Rad) by using bovine serum albumin as a standard. The activities of PcpB, PcpC, and PcpA were determined by previously described methods (33, 35, 40) . PcpE (2-CMA reductase) activity was determined spectrophotometrically by monitoring NADH oxidation at 340 nm in the presence of 2-CMA in 20 mM potassium phosphate buffer (pH 7.0) at 24°C (27) . 2-CMA reductase activities were also monitored by using HPLC to monitor the consumption of 2-CMA and MA (29) .
Nucleotide sequence accession numbers. The nucleotide sequences of pcpEMAC and pcpBDR fragments have been deposited in the GenBank database under accession no. AF512952 and U12290, respectively.
RESULTS
Identification of pcpM and pcpE. pcpA is located on pLX 001, a cosmid clone of a BamHI fragment from ATCC 39723 (36) . After the BamHI fragment was subcloned into pBluescript II KS(ϩ) as EcoRI or EcoRI/BamHI fragments, the inserts were sequenced. Outwardly oriented primers were then designed adjacent to EcoRI sites of each insert and used in PCR performed with the genomic DNA as the template in order to confirm the physical linkage of two inserts at an EcoRI site. The sequence of linked DNA fragments was assembled into a 12-kb BamHI fragment. Both pcpA and pcpC were on the BamHI fragment ( Fig. 2A) . A hypothetical LysR-type transcriptional regulatory gene, designated pcpM, was identified directly upstream of pcpA; the deduced amino acid sequence was most similar to the sequence of PcpR (GenBank accession no. U12290), with 43% identity. In addition, a partial open reading frame (ORF) possibly coding for an MA reductase was identified at the 5Ј end of the 12-kb BamHI fragment. An approximately 10-kb DNA sequence containing the missing part of the ORF was amplified by TAIL-PCR and sequenced. The ORF was designated pcpE ( Fig. 2A) . PcpE was most similar to MA reductase (TftE) of Burkholderia cepacia AC1100 (9), with 50% identity in the amino acid sequence. Organization of the pcp genes and adjacent genes. A continuous 24-kb DNA fragment containing pcpA, pcpC, pcpM, and pcpE was assembled; this fragment included the 12-kb BamHI fragment, as well as a 10-kb product at the 5Ј end and a 2-kb PCR product at the 3Ј end. Sequence analysis revealed 15 additional ORFs and one partial ORF on this 24-kb fragment ( Fig. 2A) . pcpC, pcpA, pcpM, and pcpE were separated from each other on the fragment and were apparently transcribed from different promoters. There was a 2,323-bp region, containing two ORFs (orf11 and orf12), between pcpE and pcpM. The predicted products of orf11 and orf12 are homologous to enzymes involved in one-carbon metabolism (Table 2) . pcpM and pcpA were divergently oriented with a 215-bp spacer. pcpA and pcpC were separated by 5,153 bp of DNA that included three ORFs (orf15, orf16, and orf17). These three putative genes do not have any apparent functions in PCP degradation (Table 2) . pcpB was not on the 24-kb fragment, and it is part of the pcpBDR cluster (21) . About 4 kb of DNA sequence 3Ј to the pcpBDR cluster was also amplified by TAIL-PCR and sequenced. It contained three additional ORFs (Fig.  2B ) that are not involved in biodegradation. Overlapping sequences between pcpEMAC and pcpBDR were not found.
Inactivation of pcpE, pcpC, pcpM, and pcpR in ATCC 39723. In order to demonstrate the function of pcpE, pcpM, and pcpR and to confirm the role of pcpC in PCP degradation, the four genes were disrupted in ATCC 39723. To inactivate a target gene, an internal fragment of the gene was cloned in the suicide plasmid pSG76-K (23). Integration of the plasmid via homologous recombination between the plasmid and the genome disrupted the target gene and resulted in the formation of two truncated genes, one without the 3Ј coding region and the other without the 5Ј coding region. Kanamycin-resistant transformants appeared on agar plates after 7 days of incubation at 30°C. The integration was confirmed by long-range PCR performed with primers flanking the internal fragment. For example, an expected 1,083-bp product was amplified with primers EF-2 and ER-2 (Table 1) from the wild type, while a 3,492-bp product was amplified with the same primers from the mutant due to the insertion of pSG76-K::pcpE inter inside pcpE (Fig. 3) . The PCR product from the mutant was sequenced to confirm the insertion. By using this approach, pcpC, pcpM, and pcpR were also disrupted, and the mutations were confirmed. PCP degradation by whole cells. To evaluate the role of the pcp genes in PCP metabolism, ATCC 39723 and its mutants were tested for PCP degradation and the accumulation of metabolic intermediates. The wild type, growing on glutamate, took about 30 min to start degrading PCP, and 150 M PCP was rapidly degraded (Fig. 4A ). There was no apparent difference between the pcpM mutant and the wild type in terms of PCP degradation (Fig. 4A) . In contrast, the pcpR mutant was unable to metabolize PCP (Fig. 4A) . The pcpE mutant degraded PCP at a slightly lower rate than the wild type; however, the pcpE mutant accumulated 2-CMA but the wild type did not (Fig. 4A) . Because the pcpC mutant consumed 150 M PCP very slowly, 75 M PCP was used to demonstrate complete consumption of PCP (Fig. 4B) . During PCP degradation, TeCH, which is colorless, transitorily accumulated in the culture medium. The culture medium transitorily turned bright yellow, brown, and finally purple-pink. Gradual accumulation of a product that had an absorption peak at 347 nm was observed only in the pcpC mutant culture (Fig. 4C) . When the pcpC mutant was used to degrade 2,4,6-trichlorophenol (TriCP) and 2,6-dichlorophenol (DiCP), it consumed these two chlorinated phenols without accumulation of any colored substances.
RT-PCR analysis of transcription of the pcp genes in ATCC 39723 and its mutants. In ATCC 39723 transcription of pcpB, pcpA, and pcpE was inducible by PCP, while pcpC was constitutively expressed (Fig. 5A) . Expression of pcpB and pcpE was not detectable with uninduced cells, while pcpA expression increased from the basal level after PCP induction (Fig. 5A) . The induction profile for the four pcp genes in the pcpM mutant was very similar to that in the wild type (Fig. 5B) . In contrast to the pcpM mutant, the pcpR mutant failed to express pcpB and pcpE upon PCP induction, and the transcription of pcpA did not increase (Fig. 5C) .
Identification of inducers. The pcpB mutant, Fco315, was used to determine whether PCP itself could be an inducer because Fco315 cannot transform PCP (15) . Primers BF-1 and BR-1 were located in the N-terminal coding region of pcpB preceding the insertion site of the kanamycin cassette (15) and were used to detect pcpB transcription. Addition of PCP induced the expression of pcpB, pcpA, and pcpE (Fig. 6A) . Thus, (38), these polychlorinated phenols were tested for the ability to be inducers. The pcpB mutant was induced with TeCP, TriCP, or DiCP, and the transcription of pcpB was analyzed. All the chlorinated phenols tested were able to induce transcription of pcpB (Fig. 6B) . Specific activities of PcpB, PcpC, PcpA, and PcpE in cell extracts. To validate the RT-PCR results, the specific activities of PcpB, PcpC, PcpA, and PcpE in cell extracts of ATCC 39723 and its mutants were determined ( Table 3 ). The activities were in good agreement with the RT-PCR results. PcpB, PcpA, and PcpE activities were inducible, while PcpC activity was constitutive. PcpB activity was not detectable without induction. PcpA had a basal level of activity, but the activity of this enzyme increased upon PCP induction. Although 2-CMA reductase activity increased significantly upon PCP induction, there were relatively high 2-CMA reductase activities in the uninduced wild-type cells and even in the pcpE mutant cells. We suspect that there is another MA reductase besides PcpE. The induced pcpR mutant had the same levels of PcpB, PcpA, PcpE, and PcpC activities as the uninduced wild type. For the pcpM mutant the overall induction pattern of the four enzymes was similar to that of the wild type, except that the induced PcpA activity was five times higher than that in the wild type.
DISCUSSION
PcpE was shown to be responsible for 2-CMA reduction during PCP degradation in ATCC 39723 (Fig. 1) by two lines of evidence: 2-CMA accumulated only in the pcpE mutant culture (Fig. 4A) , and 2-CMA reductase activity increased about 14-fold in the wild type but not in the pcpE mutant after PCP induction (Table 3) . Characterization of PcpE as a functional MA reductase was done with recombinant PcpE purified from an E. coli host (3). PcpE reduced 2-CMA to MA and then to 3-oxoadipate by consuming two NADH (3), which is consistent with the reported function of MA reductases in other bacteria (12, 32) . Some microorganisms may have two or more isofunctional MA reductases (14, 28) . The lack of stoichiometric accumulation of 2-CMA (Fig. 3 ) and the detectable MA activity (Table 3) in the pcpE mutant suggest that there is another isofunctional MA reductase in ATCC 39723. However, the activity of this isofunctional MA reductase does not FIG. 3 . Confirmation of pcpE disruption. The integration of an internal pcpE fragment, cloned in pSG76-K, resulted in two truncated copies of pcpE, one without the N-terminal coding region and the other without the C-terminal coding region. A pair of primers, EF-2 and ER-2 (Table 1) , was designed from the missing N-terminal and C-terminal regions. The primers were used in long-range colony PCR to give a 1,083-bp predicted product with the wild-type colonies and a 3,492-bp predicted product with the pcpE mutant colonies. Lanes 1 and 4, 1-kb DNA molecular markers (Gibco); lane 2, wild type; lane 3, pcpE mutant. increase during PCP degradation, nor is it enough to prevent the accumulation of 2-CMA in the pcpE mutant. Thus, four catabolic gene products, PcpB, PcpC, PcpA, and PcpE, are responsible for converting PCP to 3-oxoadipate ( In this study, the organization of the pcp genes in ATCC 39723 was documented. Five pcp genes involved in PCP degradation have been identified. They are the catabolic genes pcpB, pcpC, pcpA, and pcpE and the regulatory gene pcpR. There are also an uncharacterized pcpD gene (21) and a hypothetical regulatory gene, pcpM. The genes are scattered on two fragments. pcpB, pcpD, and pcpR are organized as a cluster with the same orientation. pcpB and pcpD are possibly cotranscribed. However, pcpR is not likely cotranscribed with pcpBD because a rho-independent terminator sequence is located 38 bp downstream of pcpD. pcpC, pcpA, pcpM, and pcpE are on another fragment, but they are apparently arranged in discrete locations and transcribed from different promoters. Such a discrete organization is uncommon for genes of a single degradation pathway in bacteria. We speculate that the discrete organization may reflect the recent acquisition of the pcp genes in ATCC 39723 for the degradation of PCP, which was first introduced as a wood preservative in 1936 (5) .
To examine the possible origins of the pcp genes, the GϩC contents and codon usage of the pcp genes and their flanking sequences were examined. The GϩC contents are 60.78% for pcpC, 60.96% for pcpA, 62.34% for pcpB, 63.79% for pcpD, 63.96% for pcpR, 64.72% for pcpM, and 66.48% for pcpE. The average GϩC content is similar to the local GϩC content of the pcpEMAC fragment (63.02%) and the overall GϩC content of the ATCC 39723 genome (63.8%) (24) . The codon usage of the pcp genes showed the general trend of GC bias at the wobble positions for most amino acids, reflecting the high GϩC content. However, TAT (codon usage frequency, 0.67) is favored over TAC (0.33) for tyrosine, and CAT (0.66) is more common than CAC (0.34) for histidine. One of the leucine codons (CTA) was not used in any pcp gene. Comparison of the codon preference between the pcp genes and the adjacent genes did not reveal any apparent differences. Thus, the pcp genes likely evolved from the same organism or related organisms.
The roles of two putative LysR-type regulators in PCP degradation were investigated. Genetic and functional analyses showed that pcpR is required for PCP degradation, while pcpM is not. The complete loss of the ability to degrade PCP (Fig.  4A ) and the lack of transcription of pcpB and pcpE in the pcpR mutant (Fig. 5C ) suggest that PcpR is an essential activator for these genes. Using the pcpB mutant, we found that pcpB, pcpA, and pcpE are inducible by PCP (Fig. 6A) . The induction of pcpB by several other polychlorinated phenols (Fig. 6B) provides evidence that polychlorinated phenols are coinducers of PcpR. In addition, the pcpM mutant degraded PCP almost as well as the wild type, and inactivation of the pcpM gene did not change the expression profile of the pcp genes (Fig. 5B) . From these results, we concluded that PcpM is not critical for PCP degradation and that PcpR regulates the expression of pcpB, pcpA, and pcpE.
Conserved binding sites of PcpR in the regulatory regions of pcpB, pcpA, and pcpE were identified. A LysR-type regulator generally binds to a 15-bp region of disrupted dyadic sequence centered near position Ϫ65 from the transcriptional start; there is a conserved 5Ј-T-N 11 -A-3Ј motif termed the LysR motif within the dyadic sequence (10, 26) . By using these criteria, a conserved sequence, 5Ј-ATTC-N 7 -GAAT-3Ј, was identified in the promoter sequences of pcpB, pcpA, and pcpE ( Table 4 ). The predicted binding site is also similar to the ATAC-N 7 -GTAT sequence for CatM and BenM binding involved in the regulation of benzoate and catechol degradation in an Acinetobacter sp. (6) . The presence of conserved binding sites in the promoter regions of pcpB, pcpA, and pcpE further suggests that these genes are regulated as a regulon with PcpR as the activator and polychlorinated phenols as coinducers. Although the four functional genes responsible for the conversion of PCP to 3-oxoadipate are organized in four discrete 
The interrupted dyadic sequences are indicated by boldface type, and the 5Ј-T-N 11 -A-3Ј LysR motifs are underlined.
b Location relative to the transcriptional start position of pcpB (22) , pcpC (20) , or pcpA (36) .
c Location relative to the position of the translational start codon of pcpE.
locations, three genes are regulated as a regulon with pcpC constitutively expressed. The deduced amino acid sequences encoded by pcpR and pcpM are most similar to each other; the overall level of identity is 43%, and there is significant conservation throughout the entire polypeptide sequences. The sequence similarity between pcpR and pcpM suggests a common ancestor for these two genes. It is surprising that PcpM is not required for pcpA activation because of the location of pcpM relative to the location of pcpA and the similarity between PcpM and PcpR. However, pcpA expression is quite intriguing. pcpA was expressed at a basal level without PCP induction, and expression of this gene was the highest of the pcp genes upon induction (Fig. 5A) . Basal-level expression of pcpA was also observed in the pcpR mutant (Fig. 5C ). In addition, the induced PcpA activity was higher in the pcpM mutant than in the wild type (Table 3) . Unfortunately, RT-PCR analysis did not show more pcpA expression in the pcpM mutant than in the wild type upon PCP induction ( Fig. 5A and B) . Since the RT-PCR signal for pcpA is quite strong in both cases, perhaps RT-PCR amplification of pcpA was not in the linear range for induced pcpA. On the basis of the gene expression (Fig. 5 ) and enzyme activity (Table 3) , we speculated that PcpM may compete with PcpR for the pcpA promoter. If PcpM binds to the promoter but does not use PCP as a coinducer, it may reduce the activation by PcpR. This speculation is in agreement with our conclusion that PcpM is not important in PCP degradation. PcpA and PcpM likely evolved from the metabolism of other compounds rather than the metabolism of polychlorinated phenols, and PcpM may respond to other coinducers. These hypotheses are subject to validation by further studies.
Since PcpC is constitutively produced in ATCC 39723, there has been speculation concerning its function in other cellular events (21) . We showed that a pcpC mutation did not affect the ability of cells to grow on glutamate in the mineral medium. The pcpC mutant also degraded TriCP and DiCP as well as the wild type did (data not shown). The only effect of pcpC mutation was on the metabolism of TeCH, which transitorily accumulated in the culture and then was further transformed to a product with a 347-nm absorption peak (Fig. 4C) . When TeCH was directly added to a pcpC mutant culture or cultures of several unrelated bacteria, it was also transformed into the product with the 347-nm absorption peak (data not shown). This product may be similar to an oxidized derivative of DiCH, which has an absorption peak at 350 nm; the product accumulates in the pcpA mutant after PCP degradation and is likely a polymer of DiCH (4) . Therefore, PcpC is the enzyme that metabolizes TeCH during PCP degradation in ATCC 39723. It is unclear why pcpC is constitutively expressed. One possibility is that PcpC has other functions in ATCC 39723 but the functions are not essential. Another possible explanation is that the regulation of pcpC expression has not been evolved in PCP degradation. A potential binding site for a LysR-type regulator was identified in the pcpC promoter sequence (Table 4) . Because the sequence is different from the potential PcpR binding sequence, a different LysR-type regulator may have regulated the expression of pcpC. If the regulator cannot respond to PCP or its metabolic intermediates, the next solution would be to make pcpC expression constitutive through spontaneous mutation and selection. Sequence analysis classified PcpC as a zeta-class glutathione S-transferase (20) . The zeta-class glutathione S-transferases are known to catalyze the isomerization of maleylacetoacetate to fumarylacetoacetate, which is an essential step in the catabolism of tyrosine and phenylalanine, and the dechlorination of dichloroacetate to glyoxylate (2) . Besides dechlorinating TeCH, PcpC also isomerizes maleylacetone (an analog of maleylacetoacetate) and consumes dichloroacetate (1). The biochemical evidence also suggests that pcpC is newly recruited for PCP degradation.
With this study, each gene responsible for the metabolism of PCP to 3-oxoadipate, a common metabolite of many aromatic compounds, has been inactivated, and the roles of the genes in PCP degradation in ATCC 39723 have been demonstrated. Both pcpB and pcpA have been inactivated previously and have been shown to participate in PCP degradation (4, 15) . In this study, pcpE was identified and was shown to be responsible for conversion of 2-CMA to 3-oxoadipate during PCP degradation. The role of PcpC in TeCH dechlorination during PCP degradation was confirmed with the pcpC mutant. Thus, the PCP degradation pathway in ATCC 39723 has been characterized both biochemically and genetically (Fig. 1) . The unique and discrete organization of each catalytic gene has implied that there may be multiple regulation mechanisms. Instead, a single regulator has been found to control induction of pcpA, pcpB, and pcpE as a regulon. Together with constitutively expressed pcpC, the regulation system is rather straightforward. These findings should facilitate genetic engineering of microorganisms with improved catalytic properties for bioremediation of polychlorinated phenols and their derivatives.
